The long-term variation of water properties in the upper portion of the Japan Sea Proper Water (UJSPW) is examined on the basis of hydrographic data at PM10, located on the northwestern Japan Sea, and at PM05, in the Yamato Basin, taken from 1965 through 1982. At PM10, located at the southern boundary of the UJSPW formation region, dissolved oxygen fluctuations on the UJSPW core showed negative correlation with phosphate variations, but showed no significant correlation with salinity variations. At PM05 water properties fluctuated with smaller amplitudes than those at PM10 except for salinity. Dissolved oxygen variations at PM10 lead those at PM05 by 12-15 months, suggesting that the UJSPW near PM10 circulates into the Yamato Basin spending 12-15 months. Increases of dissolved oxygen contents in summer on relevant isopycnal surfaces at PM10 occurred after cold and/or windy winters except for two of eight; this suggests that larger volume of the UJSPW is formed in severe winter. Rough estimations of the formation rate and existing volume of the UJSPW are made on the basis of a climatological dataset; 1.5 × 10 4 km 3 yr -1 and 27.3 × 10 4 km 3 , respectively. The ventilation time of the UJSPW, 18.2 years, is about one tenth or less of residence time for the entire Japan Sea Proper Water. This indicates that the UJSPW is renewed about ten times as quick as the deeper water.
Introduction
The water under the main thermocline in the Japan Sea is called the Japan Sea Proper Water (Uda, 1934) . From the vertical distributions of water properties, the Japan Sea Proper Water can be divided into two portions: the upper portion of the Japan Sea Proper Water (UJSPW) and the deep water (Sudo, 1986) . The UJSPW can be defined as having a σ 1 (potential density referred to 1000 db) range of 32.00-32.05 kg m -3 and shows higher dissolved oxygen content than that of the deep water Sudo, 1993, 1994) . Senjyu and Sudo (1993) suggested that the UJSPW is formed by wintertime convection off the Primorye (Enkai) coast between 40° and 43°N west of 136°E, advects into the region west of the Yamato Rise (see Fig. 1 ) and finally flows into the Yamato Basin. Further, Senjyu and Sudo (1994) showed that AOU (Apparent Oxygen Utilization) and phosphate contents in the northwestern area including the UJSPW formation region (Area I in inset of Fig. 1 ) are in wider ranges than those in the region west of the Yamato Rise (Area II) and on the Yamato Basin (Area III); this suggests that the water characteristics of the UJSPW must be subject to a year-to-year variation. . Inset shows sea area division used in Senjyu and Sudo (1994) .
Since mid-depth and abyssal waters in the Japan Sea are completely isolated from the surrounding seas, the UJSPW must be formed by air-sea interaction within the Sea. Therefore, its properties must be greatly affected by atmospheric forcing; wintertime convection in an extremely cold winter could reach a deeper level than that in moderate winter and yield a large amount of new water mass which has different characteristics from those formed in moderate winter.
In this paper, we examine the interannual variation of UJSPW properties for 18 years. The analysis is based on water property distributions, mainly dissolved oxygen distribution, on isopycnal surfaces. A comparison between time series of properties at stations, near the formation region and in a region long distance apart, gives useful information about the time scale of UJSPW circulation. Besides, we attempt to estimate the ventilation time of the UJSPW from a climatological dataset. The result suggests that the UJSPW is renewed much faster than the deeper water.
Data
As discussed in Senjyu and Sudo (1994) , Area I (inset of Fig. 1 ) includes the UJSPW formation region and Area III is the farthest reaching area of the UJSPW. The hydrographic section, PM-line ( Fig. 1) , extends northwestward from PM01 (36°09′ N, 135°50′ E) in Area III to PM11 (41°00′ N, 132°17′ E) in Area I. The section is one of the regular sections taken the most frequently by Maizuru Marine Observatory in the Japan Sea; regularly twice a year, mainly in February and August, from 1965 to 1971 and four times a year, mainly in February, May, July and September, since 1972. However, these 11 stations have not always been taken and hydrographic observations north of 40°N (PM10 and PM11) belonging to the exclusive economic zone of former USSR or Russia have not been made since May 1982.
In the period from 1965 to 1982 deep observations, extending to a depth of 2000 m, were performed most frequently at PM10 (40°20′ N, 132°48′ E) and at PM05 (37°43′ N, 134°43′ E). PM10 is located in Area I, the southern boundary of the UJSPW formation region, while PM05 is in Area III on the Yamato Basin. In this study, thus, we use hydrographic station data at PM10 and PM05 taken from 1965 through 1982 as typical stations in Areas I and III. At both the stations temperature, salinity, dissolved oxygen and phosphate contents were determined at standard depths.
Since the UJSPW has been defined as having a σ 1 range of 32.00-32.05 kg m -3 , we use θ 1 (potential temperature referred to 1000 db) and σ 1 instead of θ and σ θ (potential temperature and potential density referred to sea surface). Temperature and salinity data are considered to have accuracies of 0.02 deg and 0.01 PSU. Hence, σ 1 can be determined to an accuracy of 0.01 kg m -3 . Dissolved oxygen contents were determined by Winkler's method, in which error is considered to be 0.03 ml l -1 .
Interannual Variability and Circulation Time of the UJSPW
To examine the temporal variation of the UJSPW, it is useful to provide time series of water characteristics on the σ 1 32.03 kg m -3 surface, the core of the UJSPW (Senjyu and Sudo, 1993) . September 1973 and May 1975 to September 1976 (Fig. 3) ; its correlation coefficient is -0.729. The slope of points on the diagram determined by least square method is -0.329 µmol ml -1 , which agrees with the mean regeneration ratio in the UJSPW of -0.316 µmol ml -1 (Senjyu and Sudo, 1994) . Amplitudes of dissolved oxygen and phosphate fluctuations are about 0.5 ml l -1 and 0.2 µmol l -1 (standard deviations throughout the period are 0.33 ml l -1 and 0.15 µmol l -1 ) except for a period from 1965 to 1967, in which marked anomalies in both are shown (Figs. 2c and d).
Depth and dissolved oxygen variations show a little weak correlation, correlation coefficient of -0.463 (Fig. 4) . This suggests that increases of dissolved oxygen content on the isopycnal surface are not due to the isopycnal surface elevation. The correlation between salinity and dissolved oxygen variations is 0.149 (Fig. 5) ; salinity (or temperature) and dissolved oxygen (or phosphate) seem to fluctuate independently. This implies that the cause of variation in salinity (or temperature) is different from that in dissolved oxygen (or phosphate).
Time series of depth, salinity, dissolved oxygen and phosphate contents at PM05 on the σ 1 32.03 kg m -3 surface are shown in Fig. 6 . The variations show smaller amplitudes and standard deviations than those at PM10 except for salinity; means and standard deviations are 486 m and 70 m for depth, 34.061 PSU and 0.007 PSU for salinity, 5.28 ml l -1 and 0.15 ml l -1 for dissolved oxygen and 1.89 µmol l -1 and 0.13 µmol l -1 for phosphate, respectively. Dissolved oxygen and (Fig. 7) ; variations at PM10 lead those at PM05 showing peaks of about +0.4 at 12-15 months. The correlation peaks at 12-15 months are also seen for depth and phosphate variations on the isopycnal surface (not shown). These correlation peaks are significant with 99% confidence level. (To verify these correlation peaks, we made cross correlations of dissolved oxygen between PM10 and PM04, on the Yamato Basin southeast of PM05, as well. The result shows correlation peaks more than +0.4 at 12-15 months.) This suggests that the UJSPW located on PM10 circulates into the Yamato Basin spending 12-15 months. This agrees with the UJSPW circulation inferred from isopycnal analysis; a large portion of the UJSPW produced off the Primorye coast, 40°-43°N west of 136°E, is transported to the west of the Yamato Rise and flows into the Yamato Basin detouring around of the Rise (Senjyu and Sudo, 1994) . Smaller amplitudes and standard deviations of property variations at PM05 are probably due to mixing and diffusion throughout the course from PM10 to PM05.
The distance between PM10 and PM05 is about 335 km. Thus, if we take the circulation time to be 12-15 months and assume that the water moves directly between two stations, the speed of water mass movement is 1.08 × 10 -2 to 0.86 × 10 -2 m s -1 . This gives the lower limit of the velocity since the water mass probably detours to some extent between two stations. This is comparable to the results of direct current measurements in the eastern Japan Basin and the Yamato Basin, which show mean velocities of 0.24 × 10 -2 to 2.37 × 10 -2 m s -1 in upper 1000 m depth (Kitani, 1987; Senjyu et al., 1992) . On the other hand, the difference of mean dissolved oxygen contents on σ 1 32.03 kg m -3 surface between PM10 and PM05 is 0.96 ml l -1 . If this is taken to be oxygen consumption during 12-15 months, the mean oxygen consumption rate on the surface is 0.96-0.77 ml l -1 yr -1 . This is comparable to that of upper 100-300 m depths in the North Pacific and the North Atlantic (Wyrtki, 1962; Jenkins, 1980; Suga et al., 1989) , though the Japan Sea Proper Water is much colder.
The UJSPW Formation and Atmospheric Forcing
The UJSPW is formed by deep convection in winter off the Primorye coast. The volume of UJSPW produced every winter depends probably on the convection intensity such as convection depth and convection area. If convection reaches to a greater depth, dissolved oxygen on the surface of a greater density will increase; consequently year-to-year variation in dissolved oxygen content occurs. Thus, the variation of dissolved oxygen content on isopycnal surfaces near the UJSPW formation region can be regarded as an index of convection intensity.
Winter convection must vary in intensity and locality with the year. Therefore, a fixed station in the formation region of the UJSPW probably shows a great year-to-year variation in dissolved oxygen content on a specific isopycnal surface. We expect that those values in summer can represent the intensity of the preceding winter convection because the newly formed UJSPW is probably mixed with the surrounding water during the period from winter to summer. Conveniently, observations at PM10 have been carried out every summer (July-September). Thus, we show time series of dissolved oxygen content in summer on σ 1 32.00, 32.03 and 32.05 kg m -3 surfaces at PM10; these isopycnal surfaces correspond to top, core and bottom of the UJSPW, respectively. Maximum sampling depths did not reach the 32.05 kg m -3 surface for a few observations.
Increase of dissolved oxygen content in common with two or three isopycnal surfaces occurred eight times for 17 years (A through H in Fig. 8 ). In the periods of 1967-1968 (C in Fig.  8 ), 1971-1972 (E), 1976-1977 (G) and 1978-1979 (H) , increase of oxygen contents occurred in common with three isopycnal surfaces. In the periods 1969-1970 (D) and 1973-1974 (F) , oxygen contents increased at least on upper two isopycnal surfaces. Besides, oxygen increases are seen in 1965-1966 on lower two isopycnal surfaces (A) and 1966-1967 on upper two surfaces (B).
The convection intensity depends probably on atmospheric condition. Stommel (1972) illustrated that large volume of deep water in the Mediterranean was formed by deep convection after strong Mistral. As indices of atmospheric forcing near the UJSPW formation region, we show variations of monthly mean air temperatures at Vladivostok and monthly mean air pressure differences between Vladivostok and Otaru from 1965 to 1982 in Fig. 9 . Cold winters of less than -15°C (indicated by dash-dotted line in Fig. 9a Winters with oxygen increase on isopycnal surfaces between preceding and following summer tend to be apparently colder and/or windier; winters in 1965-1966 (A), 1969-1970 (D) and 1973-1974 (F) were cold and with a strong wind. During the period of 1976-1977 (G) in which dissolved oxygen increases on the three isopycnal surfaces, a cold winter with a strong wind occurred as well. The winters of 1966-1967 (B) and 1978-1979 (H) were with a strong wind. This fact suggests that larger volume of the UJSPW is formed in severe winter. However, for the winter in 1968-1969 dissolved oxygen content decreases in common with three isopycnal surfaces though the winter is cold and windy. On the other hand, for winters in 1967-1968 (C) and 1971-1972 (E) , they were rather warm and the northern monsoon was gentle, dissolved oxygen increased on the three isopycnal surfaces. Heat exchange between atmosphere and ocean depends on other factors such as amount of cloud and specific humidity in the air as well. Moreover, preconditioning for convection largely depends on oceanic conditions such as stratification and ice formation. Recently, Seung and Yoon (1995) pointed out that the presence of cold and fresh water along the Primorye coast is the major factor to prevent the deep convection in the Japan Sea. The fresh coastal water might greatly affect the convection intensity in winter of 1968-1969.
Ventilation Time of the UJSPW
In the previous section, we showed that the UJSPW formation is subject to a year-to-year variation. Nevertheless, it is meaningful to examine the mean rate of formation of the UJSPW because it provides the ventilation time of the UJSPW. We can use the dataset made in the previous study (Senjyu and Sudo, 1994) to know some climatological features of the UJSPW. In the dataset seasonal means of water characteristics (temperature, salinity, dissolved oxygen and phosphate) for 1° latitude × 1° longitude are made on the basis of hydrographic station data taken from 1964 through 1985. Figure 10 shows the depth of the σ 1 32.00 kg m -3 surface corresponding to the top of the UJSPW in winter (January-March). The hatched area off the Primorye coast, 41°-43°N, 133°-136°E, denotes outcropping of the surface. We regard the outcropping area as a formation region of the UJSPW; the area is estimated to be about 3.0 × 10 4 km 2 . The value may be overestimated because deep convection probably occurs in a narrower region through mesoscale eddy or chimney. Indeed Seung and Yoon (1995) reported that the deep convection in the Japan Sea occurs in a narrow region between the cold fresh water along the Primorye coast and the warm Tsushima Current Water in the south. The thickness of UJSPW in the outcropping area is inferred to be 500 m or more from a winter σ 1 section (Fig. 11 , broken line in Fig. 1 ). Now, we can make the rough estimation of the volume of UJSPW in the outcropping region, 1.5 × 10 4 km 3 . To estimate the volume of new Labrador Sea Water produced in 1976, Clarke and Gascard (1983) used similar method. However, the volume is probably different from that of newly formed UJSPW. The upper layer near the sea surface forms seasonal layer affected by seasonal heating. On the other hand, continuous subduction of the new UJSPW is likely to occur through the convection period. Therefore, the volume of UJSPW produced in a winter can be larger than that of the outcropping area times thickness difference between the convective mixing layer and seasonal layer. We regard, thus, the volume in the outcropping area as the minimum value of the UJSPW production.
The mean volume of the UJSPW can be calculated by multiplying mean thickness between σ 1 32.00 and 32.05 kg m -3 surfaces by the area. In our dataset, however, there are several areas where the depth of σ 1 32.05 kg m -3 surface cannot be determined owing to shallowness of observation depths or bottom depths. Therefore, we estimated the UJSPW volume by following method: first, the entire volume of sea water down to 1000 m depth were obtained by multiplying the area with more than 1000 m in bottom depth by 1000 m (V 1000 = 62.1 × 10 4 km 3 ). Second, the UJSPW volume in 1° latitude × 1° longitude squares with available data (V data ) was calculated from the thickness between isopycnal surfaces and the area. Third, the volume down to 1000 m for available squares (V d1000 ) was calculated. Finally, overall volume of the UJSPW (V all ) was estimated by
This method is similar to Worthington's (1981) used for estimation of volume of the world ocean water masses. The above calculation was carried out for two density ranges; 32.00-32.03 and 32.03-32.05 kg m -3 . The volumes of the UJSPW for each of seasons obtained by the method are shown in Table 1 . The volumes in winter and spring are less than those in summer and autumn for both density ranges. The reason is because in winter and spring the σ 1 32.05 kg m -3 surface depth cannot be determined owing to formation of thick pycnostads for several squares in the western Japan Sea; volumes in winter and spring are possibly underestimated. Therefore, we take the mean volume of the UJSPW at 27.3 × 10 4 km 3 , average of summer and autumn volumes. This is about 20.1% of the entire volume of the Japan Sea water (136.1 × 10 4 km 3 ).
We can estimate the upper limit of the ventilation time of the UJSPW to be 18.2 years. Gamo and Horibe (1983) estimated the residence time of 300 years for the bottom water lying under 2000 m depth from box model analysis of 14 C. The mean residence time for the water deeper than 200 m was estimated to be 300-400 years by three box model analysis of 226 Ra and 14 C (Harada and Tsunogai, 1986) and to be about 100 years from tritium and 226 Ra (Watanabe et al., 1991) . The recent Tsunogai et al.'s (1993) result is that the residence time of the water deeper than 
Conclusion and Remarks
The long-term variation of water properties in the UJSPW has been analyzed on the basis of hydrographic data at PM10, located at the southern boundary of the UJSPW formation region, and at PM05, in the Yamato Basin, taken from 1965 through 1982.
At PM10 dissolved oxygen fluctuations on the σ 1 32.03 kg m -3 surface representing the UJSPW core showed negative correlation with phosphate variations, and showed weak positive correlation with the isopycnal depth. On the other hand, salinity and dissolved oxygen variations showed no significant correlation. It seems that salinity does not vary depending on convection intensity, but on atmospheric conditions such as evaporation and precipitation. Moreover, oceanic conditions such as ice formation and distributions of the Tsushima Current Water or fresh coastal water probably change the salinity of the UJSPW. Long-term variations of temperature and salinity are found in the Labrador Sea Water in the North Atlantic; relations with large scale climate changes are suggested (Lazier, 1980; Talley and McCartney, 1982; Clarke and Gascard, 1983) .
At PM05 water properties on the isopycnal surface fluctuated with smaller amplitudes and standard deviations than those at PM10 except for salinity; salinity showed almost the same amplitude and standard deviation as those of PM10.
A great correlation between dissolved oxygen variations at PM10 and PM05 was found; the variations at PM10 lead those at PM05 by 12-15 months. This suggests that the UJSPW located on PM10 circulates into the Yamato Basin spending 12-15 months. This result agrees with the UJSPW circulation inferred from isopycnal analysis; a large portion of the UJSPW produced off the Primorye coast, 40°-43°N west of 136°E, is transported to the west of the Yamato Rise and flows into the Yamato Basin detouring around of the Rise (Senjyu and Sudo, 1994) .
Increases of dissolved oxygen contents in summer on relevant isopycnal surfaces at PM10 are found eight times for 17 years: 1965-1966, 1966-1967, 1967-1968, 1969-1970, 1971-1972, 1973-1974, 1976-1977 and 1978-1979 . Dissolved oxygen increases occurred after cold and/or windy winters except for two cases of 1967-1968 and 1971-1972 . This suggests that larger volume of the UJSPW is formed in severe winter, but less volume is formed in gentle winter.
The rate of formation and existing volume of the UJSPW are estimated on the basis of the climatological dataset to be 1.5 × 10 4 km 3 yr -1 and 27.3 × 10 4 km 3 , respectively. The values give 18.2 years of the ventilation time of the UJSPW. This is about one tenth or less of inferred residence time for the water deeper than 2000 m or the entire Japan Sea Proper Water. This result suggests that the UJSPW is renewed about ten times as quick as the deeper water.
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